The androgen receptor (AR) plays an important role in the development and progression of prostate cancer (PCa). Androgen deprivation therapy is initially effective in blocking tumor growth, but it eventually leads to the hormonerefractory state. The detailed mechanisms of the conversion from androgen dependence to androgen independence remain unclear. Several PCa cell lines were established to study the role of AR in PCa, but the results were often inconsistent or contrasting in different cell lines, or in the same cell line grown under different conditions. The cellular and molecular alteration of epithelial cells and their microenvironments are complicated, and it is difficult to use a single cell line to address this important issue and also to study the pathophysiological effects of AR. In this paper, we summarize the different effects of AR on multiple cell lines and show the disadvantages of using a single human PCa cell line to study AR effects on PCa. We also discuss the advantages of widely used epithelium-stroma co-culture systems, xenograft mouse models, and genetically engineered PCa mouse models. The combination of in vitro cell line studies and in vivo mouse models might lead to more credible results and better strategies for the study of AR roles in PCa.
Introduction
Prostate cancer (PCa) is one of the most common cancers in the Western world and has an increasing incidence in the Asian countries [1] . The androgen receptor (AR) is important in the development and progression of PCa [2] . Since the first observation by Huggins and Hodges [3] in 1941, androgen deprivation therapy (ADT) has become the major therapeutic option for advanced PCa. Although initially effective at blocking tumor growth, ADT eventually fails, leading to a state of hormonerefractory PCa (HRPC) [4] . However, the AR continues to be expressed in most cells of the HRPCs [5] , and the detailed mechanisms involved in the conversion from androgen dependence (AD) to androgen independence in PCa remain unclear. Several papers [2, [6] [7] [8] have proposed possible mechanisms for this transition, such as: (1) AR mutation, with AR acquiring promiscuous binding to other steroids; (2) imbalance of AR co-regulators, causing abnormal alteration of AR transactivation; (3) alteration of selective androgen/AR signal transduction pathways through nonandrogen induction; and (4) changes in the surrounding 40 npg microenvironment and stromal cells.
Several PCa cell lines were established to study the role of AR in PCa [9] , but the results were often inconsistent or even contrasting in different cell lines, or in the same cell line grown under different conditions. The cellular and molecular alterations of epithelial cells and their microenvironments during cancer development are complicated, and it is difficult to use a single cell line to study these changes and also to study the pathophysiological effects mediated by AR. Cell lines derived from different PCa hosts have their own characteristics and may be representative of different stages of PCa [9] . Furthermore, most of these cell lines are grown under in vitro culture conditions; the in vitro cell line data might not reflect the real physiological status accurately. In this paper, we summarize the data obtained from a variety of cell lines with respect to the role of AR in cancer development, show the disadvantages of using a single human PCa cell line to study AR effects on PCa, and examine the widely used epithelium-stroma co-culture systems and genetically engineered PCa mouse models.
The role of AR in different PCa cell lines

LNCaP cells
LNCaP cells, isolated from a human PCa lymph node metastasis [10] , are CK5-negative and CK8/18-positive [9] . These cells express a mutant AR (T877A) [11] and respond to androgens/AR signals differentially depending on the passage number or culture conditions. Androgen/AR signaling is required for androgensensitive LNCaP cells to proliferate. Yang et al. [12] and Compagno et al. [13] reported that the use of small interfering RNA (siRNA) to suppress endogenous AR in LNCaP cells led to apoptosis without proliferation. Similar results were also reported by Liao et al. [14] and Haag et al. [15] . Eder et al. [16] inhibited AR expression in LNCaP cells using antisense AR oligodeoxynucleotides and reduced AR expression to approximately 2% of normal levels within 24 h. They found that down-regulating AR significantly inhibited LNCaP cell growth, strongly reduced secretion of the androgen-regulated prostatespecific antigen and increased the level of cell apoptosis [16] . Eder et al. [17] further investigated the effects of AR knockdown on prostate tumor growth in vivo using a mouse xenograft model. They found that treatment with AR antisense oligodeoxynucleotides could knock down AR expression and result in significant inhibition of tumor growth. Together, the above data suggest that the AR can function as a key survival factor for androgen-sensitive LNCaP cells, both in vitro and in vivo. These conclusions were consistent with the clinical finding that ADT therapy could dramatically reduce the volume of androgendependent prostate tumors.
Androgen-dependent LNCaP cells cultured in androgen-free medium for several months [18, 19] or isolated from castrated mouse xenograft tumors [20] developed several androgen-independent sublines. Yuan et al. [21] reported that this long-term androgen deprivation could induce epithelial neuroendocrine (NE) differentiation of androgen-sensitive LNCaP cells. The authors further proposed that the NE differentiation might contribute to the hormone-refractory growth of PCa. In the androgenindependent sublines of LNCaP cells, an androgen/AR signal was reported [22] [23] [24] to function not as a stimulator or survival factor, but as a suppressor of cell proliferation. Similar changes in AR function, from prolife ration stimulator to suppressor, have also been reported in LNCaP xenografts in vivo after castration [24, 25] . Joly-Pharaboz et al. [26] reported that androgen could suppress the growth of androgen-independent LNCaP cells in vitro and in vivo. However, they also found that some androgenindependent tumors contained androgen-responsive cells that could escape the androgen suppression.
The responsiveness of the LNCaP cells to androgen/ AR signals might be different among cells from the same xenograft tissue. For example, the AR-positive LNCaP-FGC and LNCaP-LNO cell lines were derived from the same biopsy specimen but exhibited different proliferative responses to androgen [27] . Cell proliferation was inhibited by androgen-free medium in the LNCaP-FGC cells, but not in LNCaP-LNO cells [27] . Physiological androgen concentrations induced a proliferative shutoff (G1 arrest) in both LNCaP-LNO cells and LNCaP-FGC cells. This G1 arrest was reversed by androgen withdrawal in LNCaP-LNO cells, but not in LNCaP-FGC cells [27] .
Collectively depending on the cell environment or passage number, the AR might function as a cell survival factor, stimulator or suppressor for LNCaP cells. The transformation of LNCaP cells from androgen dependence to independence could closely mimic the transformation of clinical PCa after ADT therapy. The AR in LNCaP cells, however, contained a mutation (T877A) in the ligand-binding domain that affected the steroid-binding characteristics. Androgens could activate the mutated AR at lower concentrations. Progestogens, estrogens and several antiandrogens could also bind to the mutated AR and activate the AR transcriptional functions [11] . In the clinical setting, AR mutations were found in only 0%-4% of latent and stage B prostate tumors [28] [29] [30] but existed in 21%-44% of metastatic tumors sampled before therapy [29, 31] . Therefore, the LNCaP and derived cells might not be able to mimic the entire spectrum of clinical PCa stages.
PC3 cells
PC3 cells, isolated from a human PCa bone metastasis with high malignancy [32], express both CK5 and CK8/18 [9] . npg PC3 cells are androgen-insensitive and lack expression of the AR protein [9] .
PC3 cells were widely used to study HRPC or to study the role of AR in HRPC by transfection of functional human AR complementary DNA (cDNA) [33] [34] [35] [36] [37] . Expression of AR in PC3 cells either suppresses or slightly promotes cell proliferation [33] [34] [35] [36] , depending on which promoter drives the expression of the AR protein. Similar results were reported, with androgen suppressing the proliferation of PC3-AR cells using the simian virus 40 (SV40) promoter [34] , the cytomegalovirus (CMV) promoter [36] or the EF1a promoter [33] . In these studies, expression of AR was artificially controlled by a strong and unnatural promoter. Therefore, the results might not represent the control of AR function under physiological and cellular conditions. Altuwaijri et al. [35] established the PC3-AR9 cell line, in which expression of human AR was driven by the natural human AR promoter. They found that treatment with dihydroxytestosterone (DHT) resulted in mild promotion, but not suppression, of growth in PC3-AR9 cells. The contrasting results suggested that the promoter was important and might influence AR function in PCa cells.
On evaluating the effects of AR in the PC3-AR9 cells, we found lower mobility in 'wound'-healing assays and fewer colonies in anchor-independent soft agar assays compared with PC3 cells transfected with control vector only (PC3-v cells) (Chang et al., unpublished data). In the chamber invasion assay, PC3-AR9 cells were significantly less invasive than PC3-v cells. In the bone-wafer resorption assay, PC3-AR9 cells showed decreased osteoclast lacunae on the bone wafer compared with PC3-v cells [38] . After injection into the tibia of athymic nude mice, PC3-AR9 tumors were less aggressive and less invasive than PC3-v tumors [38] . Using a prostate orthotopic xenograft model, PC3-v and PC3-AR9 cells were inoculated directly into the anterior prostate of nude mice. After 12 weeks, we found significantly larger primary prostate tumors and metastatic lymph nodes with PC3-v cells than with PC3-AR9 cells [38] . The findings from restoring the AR in PC3 cells suggested that the androgens/AR signaling could suppress the PC-3AR9 cells' invasion ability, both in vitro and in vivo.
The expression of AR, driven by its natural promoter, resulted in increased growth of PC3-AR9 cells in vitro in the presence of 1 nmol L -1 DHT [35] . However, using the orthotopic xenograft model, we found that PC3-AR9 cells formed smaller primary tumors than PC3-v cells. One explanation for these contrasting in vivo and in vitro findings might be that the in vivo study is a relatively long-term condition, and primary tumor growth could be influenced by the prostate microenvironments. In contrast, in vitro growth is measured under simplified, non-physiological conditions. Our results suggest that the long-term comparison of in vivo tumor cell growth might lead to more accurate assessment than the short term in vitro growth assay.
From the above data, we found that the roles of AR in PC3 cells contrasted with the classical concept that the AR functions as a stimulator in prostate tumor growth and metastasis. These were consistent, however, with the clinical findings that ADT therapy was only effective at blocking tumor growth initially, but failed or even promoted tumor progression at the later stages [39] . Some studies reported that the prostatic epithelial-basal cell marker increased in ADT-refractory tumors [40, 41] . Owing to the expression of both the luminal marker-CK8/18 and the basal marker-CK5 [9] , PC3 cells might have some basal cell properties. Recently, we also used the prostate epithelial-specific AR-knockout transgenic mouse model of prostate (TRAMP) model and found that the epithelial AR might act as a suppressor in the proliferation or invasion of basal cells [38] .
DU145 cells
DU145 cells, derived from a brain metastasis of human PCa [42] , express both CK5 and CK8/18 [6] . DU145 cells are androgen-insensitive and lack the expression of AR protein (methylation of the AR promoter prevents the AR expression) [43] .
As DU145 cells do not express AR and exhibit no response to androgen treatment, Scaccianoce et al. [44] established the DU145-AR cell line by stable transfection of a functional human AR cDNA. They found that the untreated DU145-AR cells showed a lower proliferation rate than mock-transfected cells. However, when these cells were treated with testosterone, the proliferation rate and other properties were restored [44] . These results indicate that the inactivated AR functioned as a suppressor in the proliferation of DU145-AR cells. In contrast, Litvinov et al. [33] reported that expression of AR in DU145 cells had no effect on cell growth in the presence or absence of androgens. Thus, the AR role in DU145 cells is still obscure. Although the PC3 and DU145 cells were both androgen-independent and basal intermediate-like tumor cells, the AR had different effects in the two cell lines. This illustrates the disadvantage of using a single cell line to study the role of AR in PCa.
In addition to proliferation, the AR also had an effect on the invasion or migration abilities of DU145 cells. Nagakawa et al. [45] reported that the AR might negatively regulate invasion in DU145-AR cells by influencing the expression of specific integrin subunits. Treatment with DHT further inhibited the invasive ability of DU145-AR cells. Akashi et al. [46] reported that expression of AR down-regulated the migratory responses of DU145 cells through chemokines and their receptor systems. The npg above reports indicate that AR might suppress the invasion or migration abilities of DU145 cells.
CWR22Rv1 cells
The CWR22Rv1 cells were derived from a recurrent tumor, following ADT of a CWR22 xenograft, which was originally established from a human prostate primary tumor [47] [48] [49] . CWR22Rv1 cells are CK5-negative and CK8/18-positive, and express a mutant 114-kDa AR (an in-frame duplication of exon 3 of AR gene, which results in the insertion of 39 amino acids in the DNA-binding domain) [9, 43, 47] .
Although they express a functional AR, CWR22Rv1 cells are androgen-independent [47] . The CWR22Rv1-AR repertoire displayed dose-dependent, androgen-responsive transcriptional transactivation in reporter assays [50] . The CWR22Rv1 cells could grow well in androgen-free medium, but the growth was weakly stimulated by DHT [47, 50] .
Using a homologous gene recombination strategy [51] , we knocked down the AR in CWR22Rv1 cells and established CWR22Rv1-AR +/− cell line with much lower AR levels. CWR22Rv1-AR +/− cells grew much more slowly than the parental CWR22Rv1-AR cells in 10% fetal bovine serum RPMI medium in vitro (Chang et al., in preparation). However, in a prostate orthotopic xenograft model, we found that CWR22Rv1-AR +/− cells produced bigger primary tumors than parental CWR22Rv1 cells (Chang et al., in preparation).
In the Boyden chamber invasion assay, CWR22Rv1-AR +/− cells were more invasive than parental CWR22Rv1 cells [38] . To further confirm the role of AR in CWR22Rv1 invasion, we restored the AR in CWR22Rv1-AR +/− cells through a retroviral vector, and the resultant cells were less invasive than the parental cells transfected with the control vector [38] . In contrast, when we knocked down the AR in CWR22Rv1 cells with siRNA, the resultant cells were more invasive than the parental cells transfected with scrambled RNA [38] . In the orthotopic inoculation mouse model, CWR22Rv1-AR +/− cells also produced more and bigger metastatic tumors than CWR22Rv1 cells (Chang et al., in preparation).
Altogether, the above data indicate that the AR function ed as a suppressor of cancer progression and metastasis in the androgen-independent CWR22Rv1 cells. However, a contrast was seen in the growth patterns of CWR22Rv1 and CWR22Rv1-AR +/− cells by in vitro and in vivo studies. This was similar to the PC3-AR9 cell growth pattern in vitro and in vivo. The contrasting results again suggest that there were some disadvantages in merely depending on in vitro assays to assess the cell growth patterns. The long-term in vivo tumor cell growth might lead to more accurate assessment than the short-term in vitro assay.
PC346C cells
PC346C cells isolated from a human prostate primary tumor through xenograft [52, 53] are CK5-negative and CK8/18-positive [9] . The PC346C cells are androgendependent, with the expression of wild-type (wt) AR [9, 54] .
Optimal proliferation of PC346C requires androgens and is inhibited by antiandrogens [54] similar to the clinical androgen-dependent PCa. Three androgen-independent sublines were derived from PC346C on long-term in vitro androgen deprivation: PC346DCC, PC346Flu1 and PC346Flu2. The PC346DCC subline was derived from a single androgen-deprived condition, and the PC346Flu1 and PC346Flu2 sublines were derived from androgendepleted medium supplemented with hydroxyflutamide [54] . Each subline had different AR levels and different responses to androgen. In PC346DCC, the AR protein was downregulated to very low levels; in contrast, the AR protein in PC346Flu1 was upregulated by about fourfold, but in PC346Flu2 it remained similar to the parental PC346C [54] . PC346DCC exhibited totally androgeninsensitive characteristics, with rapid proliferation in andro gen-free medium, unresponsiveness to either androgens or hydroxyflutamide, and robust growth in castrated mice. PC346-Flu1 grew well in androgen-free medium, but was inhibited by physiological androgen concentrations; PC346Flu2 showed growth stimulation with both androgen and hydroxyflutamide [54] . Interestingly, androgen/AR signals played three different roles, no response, stimulator or suppressor, in three different sublines derived from the same parental cell lines. These different phenotypes might be the result of PCa cells adapting to their different extracellular microenvironments.
Summary
From the above discussion, we show that different cell lines have different characteristics and different androgen/ AR responsiveness (Table 1) . LNCaP and PC346C are androgen-dependent cells, whereas PC3, DU145 and CWR22Rv1 are androgen-independent cells. LNCaP, CWR22Rv1 and PC346C cells are luminal-like cells, whereas PC3 and DU145 cells are basal intermediatelike cells. LNCaP and CWR22Rv1 express mutant AR; PC346C expresses wt AR; and PC3 and DU145 do not express endogenous AR protein [9] . The AR plays different roles (no response, stimulator or suppressor) in different cell lines and sublines, and also in different culture conditions. No individual cell line could adequately represent the behavior of clinical PCa. Using a single cell line to study the role of AR in human PCa has obvious biases and disadvantages. Therefore, it is important to conduct in vitro epithelium-stroma co-culture systems and in vivo animal models of PCa to fully probe the npg pathophysiological roles of the AR in PCa progression and metastasis.
In vitro epithelium-stroma co-culture systems and in vivo animal models
In the human or rodent prostate, the prostate gland is composed of not only epithelial cells but also stromal cells, endothelial cells and immune cells [55] [56] [57] [58] . The epithelium requires the support of the stromal cells for epithelial differentiation, proliferation and apoptosis. The prostatic epithelial cells consist of several subpopulations of epithelium, such as basal cells, intermediate cells and secretory luminal epithelial cells [59, 60] . Only the mature luminal epithelial cells can secrete certain growth factors and fluids to facilitate sperm maturation and motility [61, 62] . In the stromal compartments, fibroblasts and smooth muscle cells are the two major cell types and are responsible for the maintenance of the reciprocal balance between epithelial and stromal cells. AR expression is easily detectable in the luminal epithelial cells and is less prominent in the basal/intermediate cells and stromal cells [63] . According to Dr Cunha's tissue recombination experiments [64] [65] [66] , if the recombinant tissue from wt urogenital mesenchymal (UGM) cells is reconstituted with testicular feminalization mice (Tfm) urogenital epithelial cells (UGE) [65] and then implanted into the subrenal capsule of severe combined immuno deficient (SCID) mice. The recombinant tissue will develop prostate-like structures, with the secretion of the specific secretory proteins from luminal epithelial cells. However, the recombinant cells taken from wt UGE and Tfm UGM will not develop into prostate-like structures. This recombinant tissue experiment emphasizes the importance of prostate stromal cells in early mouse prostate development. Further, it shows that stromal AR possesses the ability to determine organ fates. In mouse (FGF-2, FGF-7, FGF-10 ), insulin-like growth factor (IGF) and epidermal growth factor (EGF) [69] , have been identified to be involved in the regulation of UGE cells' differentiation, budding and branching.
In vitro co-culture system
The stromal cells seem to be critical in normal prostate development, as well as PCa cell development and progres sion. Taking the stromal factors into consideration, the in vitro co-culture system will provide a better way to address the epithelial AR functions in cell proliferation and metastasis.
The immortalized human prostate stromal cells WPMY-1 express functional AR and secrete paracrine grow th factors [70] . To examine the stromal AR roles and to maintain intact stromal microenvironments, we applied WPMY-1 cells and their AR knockdown clone (WPMY-1 AR siRNA) to the lower chambers of Matrigel-coated transwells and seeded the PC3-v or PC3-AR9 epithelial cells in the upper chambers [38] . We prepared four groups with different combinations of PC3 (with or without AR) and WPMY-I (scramble or siRNA knockdown): (1) PC3-v and WPMY-1, (2) PC3-v and WPMY-1 AR siRNA, (3) PC3-AR9 and WPMY-1, and (4) PC3-AR9 and WPMY-1 AR siRNA, to study the role of AR in epithelial cell invasion. We observed that the combination of PC3-v and WPMY-1 showed more abundant invasive cells on the Matrigel-coated chambers and the combination of PC3-AR9 and WPMY-1 AR siRNA showed much less cell invasion compared with other groups [38] . The stromal AR can promote epithelial cell invasion through the secretion of various growth factors, chemokines or cytokines, and AR can act as a suppressor of cell proliferation and invasion of the PC3 epithelial cells. Using this co-culture system, the influence of the stromal cells can be introduced to produce an environment that will more closely resemble true physiological conditions compared with that using single cells under in vitro culture conditions.
In vivo tissue recombination model
The in vitro co-culture system allows us to study the influence of paracrine factors from stromal cells on the epithelium; however, the in vivo situation is much more complicated. The nutritional uptake and blood supply from surrounding and endothelial cells are very important in PCa cell growth and invasion [7, 71] . The inflammatory cells also infiltrate the prostate and can cause prostatitis, which can alter PCa cell growth and metastasis. Dr. Cunha's group has successfully established the tissue recombination assay to investigate the interaction of epi the lial and stromal cells. Recombinant tissue was introduced by inoculation of recombinant cells into the subrenal capsule of SCID mice. The kidney capsule is rich in nutrition and blood flow, and can provide a suitable environment for cell growth. Direct inoculation of recombinant cells into the prostate of SCID mice is an alternative approach. Earlier, we generated four combinations of PC3-v, PC3-AR9, WPMY-1 and WPMY-1 AR siRNA for co-culture study. We directly inoculated these four combinations of cells into the prostates of nude mice [38, 72] . After 12 weeks, we killed the mice and dissected the recombinant tissue from individual mice. The PC3-v recombined with WPMY-1 cells generated much larger PCa tumors than the other three groups, and PC3-AR9 recombined with WPMY-1 AR siRNA cells formed much smaller PCa tumors. The results from direct inoculation of PC3-v and WPMY-1 cells were consistent with the in vitro co-culture data, which suggested AR in the PC3 can suppress cell proliferation and AR in WPMY-1 can stimulate PC3 cell growth. For the metastasis study, we also observed that PC3-v and WPMY-1 cells inoculated into the mouse prostate showed larger metastatic pelvic lymph nodes. Contrasting results were obtained from PC3-AR9 and WPMY-1 AR siRNA cells that developed much smaller metastatic pelvic lymph nodes. Therefore, AR in PC3 cells has a suppressor function in cell metastasis, whereas stromal AR can promote PC3 invasion.
Orthotopic transplantable human PCa mice model
An alternative approach to investigate the role of androgen/AR function in human PCa cells has been established by Wang et al. [73] . First, advanced PCa tumors were obtained from PCa patients undergoing prostatectomy without any neoadjuvant treatment. The tumors were minced into 1 × 3 × 3 mm 3 pieces and directly grafted into the renal subcapsule of non-obese diabetic-SCID mice implanted with a testosterone pellet (25 mg). After 60-90 days of implantation, the mice were killed. The transplanted PCa tumors were harvested from the kidney, cut into 2 mm 3 pieces, and then grafted into the anterior prostate of SCID mice. After the grafting procedure, the mice were killed at different time points to examine the primary tumors and metastatic tumors in the lymph node, bone, lung and liver [73] . Using this orthotopic transplantable mouse model, we can remove androgen through castration or restore androgen by implant ing a testosterone pellet to study the androgen/AR signaling effects on human PCa growth and metastasis.
npg
The benefit of this mouse model is that small pieces of PCa tumors still maintain the original cell composition, such as epithelial cells and stromal cells, as well as their microenvironments. These complete microenvironments can supply and foster PCa growth, and we can manipulate the androgen levels in mice to manipulate androgen/AR effects on PCa growth and metastasis. However, in this orthotopic human PCa transplantable mouse model, the systemic androgen levels will affect not only the epithelia but also the stromal cells, and we cannot examine AR function in specific cells. To overcome these limitations, the cre/loxp system was used to generate specific AR knockout mice to study AR roles in individual cells. This review discusses the currently available and popular transgenic mouse models and epithelial AR roles in PCa proliferation and metastasis.
Available genetically engineered mouse (GEM) models for PCa study and manifestation of epithelial AR functions in transgenic mice
To study PCa in mice, several GEM models have been generated and widely used. The principles of generation of GEM models are either over-expression of an oncogene (gain-of-function mutation) or knockout of tumor suppressor genes (loss-of-function mutation) to initiate tumorigenesis [74, 75] . Popular transgenic mouse models will be discussed here and we will also discuss how to delineate AR functions in selective cells by generating trans genic compound mice. The TRAMP mice were generated over 10 years ago [76] [77] [78] and the prostatic epithelial specific promoter (probasin promoter) was used to drive the expression of SV40 LT-ag. In this TRAMP mouse, the prostate progressively develops from early prostatic epithelial neoplasia (PIN) to metastatic Pca, which mimics the pathological progression of human PCa. To study the prostatic epithelial AR function in TRAMP mice, we generated pes-ARKO-TRAMP compound mouse [38, 72, 79] . pes-ARKO-TRAMP mice spontaneously develop PCa, and progressively and simultaneously knock out epithelial AR. The pes-ARKO-TRAMP mice develop larger primary tumors and die earlier than wt-TRAMP littermate controls. The prostate tumors of pes-ARKO-TRAMP mice show more apoptosis and a higher proliferation index, resulting in higher cell turnover rates. In the metastasis study, the pes-ARKO-TRAMP mice developed bigger metastatic pelvic lymph nodes than wt control mice at 24 weeks of age. The data from pes-ARKO-TRAMP and its wt control suggested that epithelial AR can suppress tumor growth and metastasis. The suppressor roles of AR in pes-ARKO-TRAMP correlated with AR functions in PC3, but it contradicted the AR roles in LNCaP and CWR22Rv1 cells.
Another well-characterized and well-used preclinical mouse model is the Phosphatase and Tensin homologue deleted on chromosome 10 (PTEN) knockout mice. The PTEN tumor suppressor gene was frequently identified with deletions or mutations in human cancers [80, 81] . PTEN alteration has been implicated in human PCa deve l op ment. PTEN deletions or mutations were found in 30% of primary PCas and 63% of metastatic PCa tumors [82] . The PTEN homozygous null mice were embryonic lethal, suggesting that PTEN is essential for embryonic development. The PTEN +/− male mice developed early PIN lesions by 12-17 weeks with a high pro life ration index, but did not further advance to adenocarcinoma or metastatic PCa [81] . To further study the metastasis of PTEN knockout mice, compound mutant mice (PTEN +/− , NKX3.1 +/− ) were generated [83] [84] [85] . NKX3.1 is a homeobox gene that specifically expresses in the prostate, and the allelic deletion in prostatic neoplasia has been implicated in PCa initiation. The PTEN +/− , NKX3.1 +/− mutant mice can proceed into high-grade PIN by 6 months and develop invasive prostate adenocarcinoma after 12 months of age. By taking advantage of these well-characterized mutant mice, we can generate prostatic epithelial specific ARKO mice with heterozygous mutations of PTEN +/− , NKX3.1
to elucidate the role of epithelial AR at early stages of primary tumor growth and at later stages of cell metastasis.
Summary and future directions
Each cell line with its own characteristics might respond differently to androgen/AR signaling. The cellular and molecular alterations of epithelial cells and their micro en vironments are complicated and it is diffi cult to use a single cell line to address these important issues and study the pathophysiological functions of AR. Furthermore, in vitro cell culture under simplified, two-dimensional conditions might not accurately reflect the physiological growth status of cancer cells. Using a single cell line to study the role of AR in human PCa has obvious biases and disadvantages.
Therefore, it is necessary to develop better strategies to delineate the pathophysiologic roles of AR in PCa pro gression and metastasis. The in vitro co-culture system [38] , in vivo tissue recombination models [60] and transplantable human PCa mouse models [72, 86] are well established for the study of PCa. These models could more closely mimic human PCa progression and metastasis by considering the stromal factors and extra-cellular microenvironments. With the rapid development of transgenic technology, some spontaneous PCa mouse models [78, 82, 87] and prostate-specific AR knockout mouse models [38, 72, 79] have also been well established. These models might yield important contributions and revolutionize research on AR and PCa. Having access to both in vitro cell lines npg and in vivo mouse models may provide better strategies for studying the role of AR in PCa and lead to more convincing data and robust conclusions.
